2 5
Gossypium arboretum WRKY1 (GaWRKY1) was found to participate in regulation of 1 3 7 sesquiterpene biosynthesis in cotton by regulate the target gene (+)-delta-cadinene 1 3 8 synthase (CAD1) (Xu et al., 2004) . C. roseus WRKY1 (CrWRKY1) bound to the 1 3 9 W-box elements of the tryptophan decarboxylase (TDC) promoter involved in 1 4 0 terpenoid indole alkaloid (TIA) biosynthetic pathway and accumulated up to 3-fold 1 4 1 higher levels of serpentine compared with control hairy roots (Suttipanta et al., 2011) . 1 4 2
The WRKY transcription factor GLANDULAR TRICHOME-SPECIFIC WRKY 1 1 4 3 (AaGSW1) positively regulated the expression of AaCYP71AV1 and AaORA by 1 4 4 conjunction to the W-box motifs in their promoters (Chen et al., 2017) . Glycine max 1 4 5 WRKY27 responsive to various abiotic stresses interacted with GmMYB174, and 1 4 6 then cooperatively inhibited GmNAC29 expression, facilitating stress-tolerance of 1 4 7 drought and cold in soybean (Wang et al., 2015) . A WRKY transcription factor from 1 4 8 W. somnifera bound to the W-box region in the promoters of squalene synthase and 1 4 9 squalene epoxidase, regulating the accumulation of triterpenoids in W. somnifera 1 5 0 including phytosterols and withanolides (Singh et al., 2017) . However, functional 1 5 1 8 All strains (Escherichia coli DH5α, Agrobacterium C58C1, GV3101 and ASE) and 1 7 8 plasmid vectors (pCAMBIA2300, pMON530) used in this paper were preserved in our 1 7 9 laboratory. For methyl jasmonate (MeJA) induction, MeJA was dissolved in 5% ethanol, and then 1 8 9 dissolved into distilled water to a storage concentration of 50 mM. A final working 1 9 0 concentration of 100 µM MeJA was employed for elicitation assay, and equivalent 1 9 1 volume of sterilized water was used as the mock treatment (Kai et al., 2012) . For salicylic acid (SA) treatment, SA was dissolved in sterile water to a storage 1 9 3 concentration of 50 mM, and then added to hairy roots cultures to the final 1 9 4 concentration of 100 µM (Hao et al., 2015) . For NO elicitation, first a concentration 1 9 5 of 100 mM SNP solution was obtained, and then applied to cultures to 100 µM. All 1 9 6 the above-mentioned solutions were sterilized through 0.22µm filters (Pall 1 9 7
Corporation, USA). And solvent of the equivalent volume was added into the control 1 9 8 group. plants WRKYs while lack of 3'-terminal was chosen for further study. Gene-specific 2 0 3 9 forward primer SmWRKY1-F605 was designed to amplify the 3' end of SmWRKY1 as 2 0 4 well as the reverse primer AUAP by rapid amplification of cDNA ends (RACE) (Liao 2 0 5 et al., 2009; Kai et al., 2010; Zhang et al., 2011) . 5'-sequence and 3'-terminal 2 0 6 products was aligned and assembled to obtain the full-length cDNA sequence of the 2 0 7 putative SmWRKY1 gene. Primer pairs SmWRKY1-KF and SmWRKY1-KR were 2 0 8 synthesized for amplification of the full ORF of SmWRKY1 according to the 2 0 9 procedure as described below: initial denaturation at 94 °C for 10 min, 35 cycles of 2 1 0 94 °C for 45 s, 55 °C for 45 s and 72 °C for 90 s, followed by a final extension at 2 1 1 72 °C for 10 min. All primers used for identification of SmWRKY1 were listed in 2 1 2 Supplemental Biological characteristics of SmWRKY1 were further analyzed by a series of tools. Nucleotide blast, protein blast and ORF Finder were used to analyze nucleotide 2 1 6
sequence and complete open reading frame. MEGA 6 was applied to construct a 2 1 7 phylogenetic tree by the neighbor-joining (NJ) method and 1000 replications were two-year-old S. miltiorrhiza plants in mature. Elicitor treatments were conducted on S. 2 2 5 miltiorrhiza hairy roots sub-cultured for 60 days infected with Agrobacterium C58C1. Hairy roots were harvested at selected time points (0h, 0.5h, 1h, 2h and 4h) after MJ 2 2 7 treatment. And for SA and NO induction, hairy roots were collected at 0h, 3h, 4h, 6h, 2 2 8 9h, 12h after treatment. All the treated samples were immediately frozen in liquid 2 2 9 1 0 nitrogen and stored for analyzing the expression profiles of SmWRKY1. 2 3 0
Subcellular localization of SmWRKY1 2 3 1
To analyze the subcellular localization of SmWRKY1, PCR products of SmWRKY1 2 3 2 ORF with BglII and KpnI restriction sites were digested with BglII and KpnI and 2 3 3 cloned into the vector pMON530 to generate the vector pMON530-SmWRKY1-GFP. 2 3 4
The constructed expression vector was transferred into Agrobacterium strain ASE and 2 3 5 injected into forty-day-old tobacco leaves. GFP fluorescence was observed after 48h The full-length coding sequence of SmWRKY1 with restriction sites Spe I and BstEII 2 4 0 was cloned and inserted into modified pCAMBIA2300 sm vector (replace the small 2 4 1 fragment digested by EcoR I and Hind III with the corresponding GFP-GUSA gene 2 4 2 expression cassette from pCAMBIA1304) under the control of the CaMV 35S 2 4 3 promoter to generate pCAMBIA2300 sm -SmWRKY1 as described before (Shi et al., 2 4 4 2016b). A. rhizogenes strain C58C1 containing pCAMBIA2300 sm -SmWRKY1 was used 2 4 5 to infect the aseptic explants and the empty pCAMBIA2300 sm was regarded as the 2 4 6 control. The transformation procedure was the same as our previous study (Kai et al., 2 4 7 2011; Shi et al., 2014 Shi et al., , 2016a Shi et al., , 2016b Zhou et al., 2016a) . Hairy roots in good state 2 4 8 were sub-cultured and primer pairs CaMV35S-F23 and SmWRKY1-QR were used to 2 4 9 identify the positive colony by polymerase chain reaction (PCR) analysis, meanwhile 2 5 0 rolB gene in C58C1 was detected. Genomic DNA was isolated from individual hairy 2 5 1 root sample by the cetyltrimethyl ammonium bromide method as previously reported 2 5 2 (Zhou et al., 2016a, c) . Identified positive-colonies were segmented approximate 4 cm 2 5 3 long for shake-flask culture in 100 mL 1/2MS medium and cultured at 25°C on an 2 5 4 orbital shaker shaking at the speed of 100 rpm in darkness (Shi et al., 2016a (Shi et al., , 2016b . the group III of WRKY family (Fig. 1A) and indicated that they might have similar 3 1 0 function. Then alignment of SmWRKY1 and other plant WRKYs was performed at 3 1 1 amino acid level and a neighbor-joining tree was constructed, as shown in (Fig. 1  3  1  2   B) .The results revealed that SmWRKY1 shared 62%, 49%, 37%, 29% identities with 3 1 3
EgWRKY70, NtWRKY70, CrWRKY1 and AaWRKY1, respectively. To investigate the tissue expression pattern of SmWRKY1, roots, stems, leaves, 3 1 6 flowers and seeds from two-year-old S. miltiorrhiza plants were analyzed. SmWRKY1 3 1 7 showed significant expression in leaves and stems and low expression in flower and 3 1 8 root, its transcript was barely detected in seeds ( Fig. 2A) . This result indicated that 3 1 9
SmWRKY1 was not a tissue-constitutive expression gene. 3 2 0
To study whether SmWRKY1 could respond to exogenous hormone treatment, 3 2 1 60-day-old S. miltiorrhiza hairy roots were treated with MeJA for different time points 3 2 2 while the 0 hr point was used as control and the expression was detected by qRT-PCR. 3 2 3
The result indicated that SmWRKY1 expression was induced by exogenous MeJA (Fig.  3  2  4 2B), the expression level reached peak at 0.5h after treatment, arising approximate 3 2 5
3-fold compared with control). Then, the transcript level of SmWRKY1 declined 3 2 6 rapidly in two hours. Meanwhile, the hairy roots were also treated with SA and NO. 3 2 7
Both SA and NO could induce the expression of SmWRKY1, which reached the 3 2 8 maximum level at 3h and gradually decreased till 12h after treatment (Fig. 2C, D) . In 3 2 9 summary, SmWRKY1 could be induced by MeJA, SA and NO. 3 3 0
Subcellular localization of SmWRKY1 3 3 1
To experimentally confirm the subcellular localization of SmWRKY1, SmWRKY1 was 3 3 2 cloned into the pMON530 vector to fuse with green fluorescent protein (GFP) reporter 3 3 3 gene to generate vector pMON530-SmWRKY1-GFP. Then, the constructed vector and 3 3 4 the pMON530 (used as the control) was transformed into ASE strain and expressed in 3 3 5 1 4 tobacco leaves, respectively. In the leaves of control vector transformed plant, the 3 3 6 fluorescence of GFP was detected in the cytoplasm and nucleus (Fig. 3) . On the 3 3 7 contrast, the fluorescent signal of SmWRKY1-fused GFP was only examined in 3 3 8 nucleus. The expression pattern was consistent with the character of SmWRKY1 as a 3 3 9 transcription factor. 3 4 0
Acquisition of SmWRKY1 transgenic hairy roots 3 4 1
To further investigate the function of SmWRKY1 in S. miltiorrhiza, we inserted 3 4 2 SmWRKY1 into a modified pCAMBIA2300 sm vector. Then, the recombinant 3 4 3 overexpression vector pCAMBIA2300 sm -SmWRKY1 was introduced into A.rhizogenes 3 4 4 stain C58C1 and used to infect S. miltiorrhiza explants and the empty vector 3 4 5 pCAMBIA2300 sm was used as control. After 2-3 weeks the fresh hairy roots 3 4 6 differentiated from the stem and leaf explant as shown in Fig. 4 . The positive lines 3 4 7
carrying SmWRKY1 gene were verified by PCR. The positive rate was 20.5% among 3 4 8 the 39 samples (Fig. 5) . qRT-PCR analysis of the expression of SmWRKY1 in 3 4 9 over-expression lines found that SmWRKY1 expressed 20-to 48-fold higher than the 3 5 0 empty vector control transformed lines (Fig. 6A) . The three high expression lines 3 5 1 including 1, 2 and 32 (designated as 3) were chosen for further analysis. To study whether SmWRKY1 participated in the regulation of tanshinone biosynthesis, 3 5 4 transcript levels of several genes related to tanshinones biosynthesis in SmWRKY1 3 5 5 transgenic hairy root were analyzed by qRT-PCR. Several tanshione biosynthesis 3 5 6 pathway genes were up-regulated in the SmWRKY1-overexpressing hairy roots ( Fig.  3  5  7 6B), the most striking ones were SmDXS2 and SmDXR gene, which increased 4-6 3 5 8 folds and 4-10 folds compared with the control, respectively. Though the expression 3 5 9
of SmIPPI, SmGGPPS, SmCPS, SmKSL and SmCYP76AH1 was a little lower than 3 6 0
SmDXS and SmDXR, their expression in over-expression lines was 2-4 folds higher 3 6 1 1 5 than the control. In contrast, the expression of all these seven tanshinones biosynthesis 3 6 2 pathway genes were significantly decreased in the knock-down lines. All these results 3 6 3 suggested that SmWRKY1 may be a positive regulator in tanshinones biosynthesis. Expression profiles showed that SmWRKY1 significantly promote the expression of 3 6 6
SmDXR and SmDXS2 in charge of pivotal catalytic steps of tanshinone accumulation. By analyzing the sequence of SmDXR and SmDXS2 promoter,we found a W-box in 3 6 8 the promoter of SmDXR (Fig. 7A) . Than dual luciferase (dual-LUC) method was 3 6 9 employed to verify whether SmWRKY1 protein activates the transcription of SmDXR 3 7 0
and SmDXS2 or not. The results showed that SmWRKY1 elevated the expression of 3 7 1 SmDXR by 6.08-fold ( Fig. 7B) while endowed inconspicuous change. 3 7 2
Accumulation of tanshinone was obviously affected by SmWRKY1 3 7 3
Based on the quantitative data, we wanted to further evaluate whether the expression 3 7 4
of SmWRKY1 in transgenic hairy roots affect the content of tanshinone. Three 3 7 5 overexpression lines and two knock-down line were used to examine four monomers 3 7 6 of tanshinone including cryptotanshinone, dihydrotanshinone I, tanshinone I, 3 7 7 tanshinone IIA in hairy roots by HPLC. The results showed that the content of 3 7 8 cryptotanshinone, dihydrotanshinone I, tanshinone I were significantly up-regulated 3 7 9 and the total tanshinone had risen to 9.443-13.731mg/g DW in over expression lines. 3 8 0
Among them pCAMBIA2300 sm -SmWRKY1-3 lines accumulated the highest content of 3 8 1 total tanshinone, which was 6.31 folds higher than control (Fig 8) . These results WRKY transcription factors are one of the largest gene families specific to plants 3 8 7 which have been studied for decades. The conserved domain WRKYGQK and a zinc 3 8 8 finger motif which consists of 60 amino acids are considered as the general character 3 8 9
of WRKY TFs which also can be regarded as the criterion for subgrouping (Eulgem et 3 9 0 al., 2000; Xie et al., 2005; Zhang and Wang, 2005) . SPF1, ABF1.2, PcWRKY1.2.3 and 3 9 1 ZAP1 are the first WRKY cDNAs isolated from sweet potato (Ipomoea batatas), wild 3 9 2 oat (Avena fatua), parsley (Petroselinum crispum) and Arabidopsis, respectively 3 9 3 (Ishiguro et al., 1994; Rushton et al., 1996; de Pater, S. et al. 1996) . Up to now, 74 3 9 4
and 109 WRKYs members have been found in Arabidopsis and Oryza sativa 3 9 5
respectively (Ujjal et al., 2016) . Previous studies have proved that WRKY TFs could 3 9 6 directly bind to the W-box of related genes from different signal pathways and played 3 9 7 its regulatory role in stress tolerance in plants (Eulgem et al., 2000) . For instance, 3 9 8
SpWRKY1 has been testified to promote resistance to Phytophthora nicotianae and 3 9 9 tolerance to salt and drought stress in transgenic tobacco (Li et al., 2015) . GhWRKY25 4 0 0 from cotton, a member of group I, conferred transgenic Nicotiana benthamiana 4 0 1 differential tolerance to abiotic and biotic stresses (Liu et al., 2016) . In recent years, 4 0 2 the role of WRKY TFs in the regulation of secondary metabolism in plants has gained 4 0 3 attentions, and some progress has been made in this field, for example, the 4 0 4 involvement of Artemisia annua WRKY1 (AaWRKY1) transcription factor can 4 0 5 elevate the production of artemisinin by targeting the Amorpha-4,11-diene synthase 4 0 6 (ADS) gene of Artemisia annua (Ma et al., 2009; Jiang et al., 2016) . A jasmonate-and 4 0 7 salicin-inducible WRKY transcription factor from Withania somnifera named as 4 0 8
WsWRKY1 could bind to W-box sequences in promoters of squalene synthase and 4 0 9 squalene epoxidase genes in W. somnifera genes regarding triterpenoid biosynthesis 4 1 0 such as phytosterol and withanolides (Singh et al., 2017) . The WRKY transcription 4 1 1 factor GLANDULAR TRICHOME-SPECIFIC WRKY 1 (AaGSW1) positively S. miltiorrhiza, a traditional Chinese herbal medicine, has been used for thousands of 4 1 7 years. Previous studies have proved that as a major medicinal active ingredient in S. 4 1 8 miltiorrhiza, tanshinones could be used for the treatment of cardiovascular and 4 1 9 cerebrovascular diseases in China (Chen et al., 2012) . However, traditional S. 4 2 0 miltiorrhiza production cannot meet the growing clinical needs due to its slow growth, 4 2 1 low tanshinone content and scarcity of wild resources (Zhou et al., 2016a) . Thus, 4 2 2 genetic engineering has become an effective and important way to increase the 4 2 3 accumulation of active ingredients in S. miltiorrhiza. Overexpression of SmDXS in 4 2 4 transgenic hairy root lines can significantly enhance the production of tanshinones 4 2 5 (Zhou et al., 2016a) . Meanwhile SmDXR was also an important enzyme gene in 4 2 6 tanshinone biosynthetic pathway whose overexpression could significantly improve 4 2 7 the production of tanshinones in hairy root lines (Shi et al., 2014) . In our study, a new 4 2 8 WRKY transcription factor was successfully cloned from S. miltiorrhiza with high 4 2 9 homology with CrWRKY1 and GaWRKY1. qRT-PCR analysis showed that 4 3 0 over-expression of SmWRKY1 can promote the transcripts level of SmDXR and 4 3 1
SmDXS2 to the greatest extent in comparison to other genes involved in tanshinone 4 3 2 biosynthetic pathway such as SmIPPI, SmGGPPS, SmCPS, SmKSL and
